Himmerkus N, Shan Q, Goerke B, Hou J, Goodenough DA, Bleich M. Salt and acid-base metabolism in claudin-16 knockdown mice: impact for the pathophysiology of FHHNC patients. Am J Physiol Renal Physiol 295: F1641-F1647, 2008. First published September 10, 2008 doi:10.1152 doi:10. /ajprenal.90388.2008 is defective in familial hypomagnesemia with hypercalciuria and nephrocalcinosis (FHHNC). Claudin-16 knockdown (CLDN16 KD) mice show reduced cation selectivity in the thick ascending limb. The defect leads to a collapse of the lumen-positive diffusion voltage, which drives Ca 2ϩ and Mg 2ϩ absorption. Because of the reduced tight junction permeability ratio for Na ϩ over Cl Ϫ , we proposed a backleak of NaCl into the lumen. Systemic analysis had revealed lower blood pressure and a moderately increased plasma aldosterone concentration. In this study, we measured the amiloride-sensitive equivalent short-circuit current in isolated, perfused collecting ducts and found it increased by fivefold in CLDN16 KD mice compared with wild-type (WT) mice. Amiloride treatment unmasked renal Na ϩ loss in the thick ascending limb of the nephron. Under amiloride treatment, CLDN16 KD mice developed hyponatremia and the renal fractional excretion of Na ϩ was twofold higher in CLDN16 KD compared with WT mice. The loss of claudin-16 also resulted in increased urinary flow, reduced HCO 3 Ϫ excretion, and lower urine pH. We conclude that perturbation in salt and acid-base metabolism in CLDN16 KD mice has its origin in the defective cation permselectivity of the thick ascending limb of the nephron. This study has contributed to the still incomplete understanding of the symptoms of FHHNC patients. paracellular ion transport; thick ascending limb; magnesium; calcium; amiloride TIGHT JUNCTION PROPERTIES in epithelia are key determinants of transepithelial salt and water transport. They are formed from heterogeneous protein complexes. Claudin proteins from each neighboring cell are major constituents of paracellular ion pathways and selectively control the paracellular flux of specific ions. In the thick ascending limb of Henle's loop (TAL), the epithelial cells form a water-impermeable barrier, actively transport Na ϩ and Cl Ϫ via the transcellular route, and provide a paracellular pathway for the selective absorption of cations. This pathway is also a second route of Na ϩ reabsorption (8, 9) and completely depends on a lumen-positive transepithelial voltage (V te ).
Because of the reduced tight junction permeability ratio for Na ϩ over Cl Ϫ , we proposed a backleak of NaCl into the lumen. Systemic analysis had revealed lower blood pressure and a moderately increased plasma aldosterone concentration. In this study, we measured the amiloride-sensitive equivalent short-circuit current in isolated, perfused collecting ducts and found it increased by fivefold in CLDN16 KD mice compared with wild-type (WT) mice. Amiloride treatment unmasked renal Na ϩ loss in the thick ascending limb of the nephron. Under amiloride treatment, CLDN16 KD mice developed hyponatremia and the renal fractional excretion of Na ϩ was twofold higher in CLDN16 KD compared with WT mice. The loss of claudin-16 also resulted in increased urinary flow, reduced HCO 3 Ϫ excretion, and lower urine pH. We conclude that perturbation in salt and acid-base metabolism in CLDN16 KD mice has its origin in the defective cation permselectivity of the thick ascending limb of the nephron. This study has contributed to the still incomplete understanding of the symptoms of FHHNC patients. paracellular ion transport; thick ascending limb; magnesium; calcium; amiloride TIGHT JUNCTION PROPERTIES in epithelia are key determinants of transepithelial salt and water transport. They are formed from heterogeneous protein complexes. Claudin proteins from each neighboring cell are major constituents of paracellular ion pathways and selectively control the paracellular flux of specific ions. In the thick ascending limb of Henle's loop (TAL), the epithelial cells form a water-impermeable barrier, actively transport Na ϩ and Cl Ϫ via the transcellular route, and provide a paracellular pathway for the selective absorption of cations. This pathway is also a second route of Na ϩ reabsorption (8, 9 ) and completely depends on a lumen-positive transepithelial voltage (V te ).
The generation of the lumen-positive V te in TAL can be attributed to two overlapping mechanisms: 1) the polarized distribution of luminal K ϩ versus basolateral Cl Ϫ conductances and 2) the diffusion voltage generated by a transcellular NaCl concentration gradient (from peritubular space to lumen) through a cation-selective tight junction. The first voltage source provides around ϩ8 mV and depends on the luminal delivery of K ϩ ; the second voltage source provides some ϩ30 mV (10) and is higher toward the end of the TAL, where the tubular fluid is more dilute. Both mechanisms are present in parallel. At the beginning of the TAL there is no chemical gradient and therefore no diffusion voltage. At the end of the TAL, transcellular NaCl transport, with no accompanying water transport, has generated a substantial NaCl gradient across the epithelium. Owing to the ion selectivity of the tight junctions, cations can leak back into the lumen, creating ϩ30 mV lumen-positive diffusion voltage.
Transepithelial transport in the TAL can be affected by interfering with either the transcellular or paracellular routes. The loop diuretic furosemide blocks the Na ϩ -2Cl Ϫ -K ϩ cotransporter, resulting in the loss of the NaCl chemical potential across the epithelium. As a result, no diffusion potential can develop, removing the driving force for paracellular transport, and diuresis occurs, with a large increase in the excretion of Na ϩ , Ca 2ϩ , Mg 2ϩ , and secondarily of K ϩ and H ϩ (5, 7). The diffusion voltage can also be lost when the paracellular pathway becomes leaky or loses selectivity.
A distinct defect of the paracellular pathway is caused by mutations of claudins, the major determinants of paracellular ion selectivity. One example of claudin deficiency is the hereditary disease familial hypomagnesemia with hypercalciuria and nephrocalcinosis (FHHNC; OMIM 248250), a rare and complex renal tubular disorder with a severe defect in the ability to reabsorb divalent cations. Several mutations in the genes for the tight junction proteins claudin-16 (CLDN16) (25) and claudin-19 (CLDN19) (15, 20) are responsible for this renal transport defect. The human disease is characterized by low plasma magnesium concentrations and an intensely increased renal calcium excretion leading finally to peritubular calcification. We previously described a CLDN16 knockdown (KD) animal model for this hereditary disease (16) . CLDN16 is almost exclusively expressed in the TAL (19) , and it colocalizes with CLDN19 (1). CLDN16 expression has been suppressed in KD mice by transgenic small interference RNA. The phenotype mimics the symptoms of FHHNC patients. KD mice display hypomagnesemia, renal calcium loss, and nephrocalcinosis (16) . In isolated, perfused TAL segments, we have shown that loss of CLDN16 did not lead to a specific loss of Mg 2ϩ and Ca 2ϩ permeability, but to a decrease in permeability ratio for Na ϩ over Cl Ϫ . Therefore we proposed that the loss of CLDN16 results in a loss of the diffusion voltage and the driving force for paracellular ion reabsorption. In addition to the symptoms of FHHNC that concern the reabsorption of the divalent cations, the CLDN16 KD mice also showed low blood pressure, 1.5-fold elevated plasma aldosterone concentration [KD 662 Ϯ 50 pg/ml vs. wild type (WT) 402 Ϯ 94 pg/ml; n ϭ 5], and decreased plasma potassium. These findings would be compatible with a compensated disturbance of sodium handling.
We show here that CLDN16 KD mice have an increased Na ϩ absorption in the collecting duct, a partially compensated loss of acid, and an increased vulnerability toward Na ϩ loss. These findings could support further clinical investigations in FHHNC patients and improve the understanding of their pathophysiology.
MATERIALS AND METHODS
Animals. CLDN16 KD mice were originally generated as described recently (16) by transgenic RNA interference. All mice were bred and maintained in the Christian-Albrechts-Universität animal research facilities. All procedures were approved by the institutional animal research and care committee. Interventions were performed under inhalative anesthesia (2.2-2.5% isoflurane). Transgenic males were crossed to B6D2F1 females, and F1 animals were analyzed as littermates. All mice were fed ad libitum and housed under a 12-h light cycle. Transgenic mice were identified by detection of green skin fluorescence with filter glasses (520-nm band pass) and illumination by a pocket torch at 480 nm (Nightsea).
Animal protocols and experimental groups. The present study includes two experimental groups each of WT and KD mice. In the first series we investigated 5-to 9-wk-old female mice under control conditions, under water load, and under water load in the presence of amiloride. In the second series we investigated acid-base metabolism in 27-wk-old female mice.
In addition, body weight was monitored in all littermates throughout 7 wk. Five-to nine-week-old mice of either sex were used for renal tubule perfusion. These animals were killed, and the respective organs were processed at 4°C and investigated immediately within Ͻ2 h.
In the control group mice were killed, final blood samples were taken from the abdominal vena cava, and spot urine was taken directly from the urinary bladder. Water load and amiloride treatment were carried out in four groups. We designed an experimental protocol that took into account the need for a reasonable urinary flow rate within a short-term observation period, and with a minimal influence on TAL Na ϩ transport at the same time. The urinary bladder was voided by manual stimulation. Mice were injected with either 10 ml/kg body wt of 5% glucose or with 10 ml/kg body wt of 5% glucose plus 5 mg/kg body wt of amiloride subcutaneously (24) . For urine sampling, animals were kept in metabolic cages for 2 h after injection. Animals had free access to water throughout the whole experimental period. Final blood samples were taken from the abdominal vena cava.
For investigation of acid-base metabolism, mice were kept in metabolic cages for 24 h. After 24 h, mice were killed and final blood samples were taken.
Urine and plasma analysis. Plasma and urinary concentrations of creatinine and electrolytes were measured on a Roche Modular P analyzer (Roche Diagnostics, Germany) with an enzymatic assay for creatinine detection that is independent of mouse plasma chromogens (18) . Blood and urinary acid-base analysis was performed on an Ecosys II blood gas analyzer (Eschweiler, Germany).
Experimental solutions. Unless stated otherwise, for in vitro experiments a Ringer-type solution of the following composition was used (in mmol/l): 145 NaCl, 0.4 KH 2PO4, 1.6 K2HPO4, 5 glucose, 1 MgCl 2, and 1.3 Ca-gluconate; pH was adjusted to 7.4 by NaOH/HCl. Chemicals were of the highest grade of purity available and were obtained from Sigma-Aldrich. Amiloride was kindly provided by Sanofi-Aventis (Frankfurt, Germany) and utilized at 10 mol/l in perfused tubules.
Renal tubule perfusion. The methods for perfusion and transepithelial measurements in freshly isolated mouse cortical collecting duct (CCD) segments were described previously (8, 11) . Kidney slices were stored and CCDs were dissected in sorting buffer (in mmol/l): 140 NaCl, 0.4 KH 2PO4, 1.6 K2HPO4, 1 MgSO4, 10 Na-acetate, 1 ␣-ketoglutarate, and 1.3 Ca-gluconate; pH was adjusted to 7.4 by NaOH/HCl. Dissected tubules were transferred onto the stage of an inverted microscope (Axiovert 10, Zeiss) and monitored and measured by video imaging (Visitron Systems). The tubule was held and perfused by a concentric glass pipette system. The perfusion pipette was double barreled with an outer diameter of 10 -12 m. One barrel was used for perfusion and Vte measurement. The second barrel was used for pulsed constant current injection (13 nA). The collection side consisted of a glass pipette with an inner diameter of 45 m. Cable equations as described previously (8) were used appropriately to calculate transepithelial resistance (R te). Equivalent short-circuit current (IЈ sc) was calculated from Rte and Vte according to Ohm's law. The length constant was calculated with ϭ ⌬V0 ⅐ ⅐ r 2 /(I0 ⅐ ), where V0 is voltage deflection at the perfusion side, r is tubular radius, I0 is injection current, and is resistivity of the perfusion solution; Ͻ 0.3 ϫ tubular length. The perfusion rate was 10 -20 nl/min. The bath was thermostated at 38°C. Continuous bath perfusion at 3-5 ml/min was obtained by gravity.
Statistical analyses. All data are given as means Ϯ SE. Unpaired t-test was used to test for differences between groups. A P value Յ0.05 was accepted for statistical significance. Unless stated differently, n indicates the number of mice.
RESULTS
Weight gain is impaired in CLDN16 KD mice. CLDN16 KD mice showed normal development, but both sexes presented a delay in weight gain that persisted through the end of 7 wk (Fig. 1A) . Starting from the second week of life, male and female CLDN16 KD mice weighed less compared with their respective littermates. Figure 1B gives two examples for the differences at 2 and 7 wk of age.
Net tubular Na ϩ transport was reduced in female CLDN16 KD mice under control conditions. It is already known that mice show sex differences in Ca 2ϩ and Mg 2ϩ homeostasis (31) . Because young female animals are more sensitive to challenges in Na ϩ metabolism (6), we decided to focus on female mice. To characterize NaCl handling in CLDN16 KD mice under control conditions, we therefore standardized animal groups for sex and analyzed blood and urine samples of 5-to 9-wk-old female mice. CLDN16 KD animals, as previously shown (16) , suffered from hypomagnesemia and hypercalciuria. Irrespective of the high Ca 2ϩ loss, plasma calcium concentration was elevated by 0.14 mmol/l. No obvious alterations in plasma sodium and chloride concentrations were detectable. However, CLDN16 KD mice exhibited a significant increase by twofold in the fractional excretion of Na ϩ (FE Na ϩ) and Cl Ϫ (FE Cl Ϫ), indicating a net transport defect for Na ϩ along the nephron. Plasma K ϩ was slightly elevated by 0.27 mmol/l in KD compared with WT mice. Plasma and FE values under control conditions are summarized in Table 1 .
Water load induced hyponatremia in CLDN16 KD mice. While the diuretic experimental protocol did not affect plasma Na ϩ and Cl Ϫ concentrations in WT mice, CLDN16 KD mice had lower plasma Na ϩ concentrations 2 h after the injection of isotonic glucose solution, which is a challenge to develop hypotonic dehydration. In water-loaded CLDN16 KD mice plasma Na ϩ decreased by 2.5 mmol/l compared with control conditions without any treatment (Table 1 , Fig. 2A ). This finding might indicate that the total body Na ϩ content had already been reduced in KD animals, compatible with a latent Na ϩ deficit under control conditions and consistent with our earlier finding that CLDN16 KD mice are hypotensive (16 Figs. 2, 4, 5) .
Hyponatremia and hypochloremia under water load and amiloride treatment in CLDN16 KD mice. Combined treatment with water load and amiloride resulted in a marked drop in plasma Na ϩ and Cl Ϫ concentrations in KD but not WT animals. After 2-h treatment, plasma Na ϩ had dropped by a further 3.1 mmol/l and was ϳ5 mmol/l below the control values ( Fig. 2A and Table 1 ). In CLDN16 KD animals under water load and in the presence of amiloride, plasma Cl Ϫ was reduced by 2.5 and 3.5 mmol/l, respectively, compared with WT animals. In contrast, WT animals showed no significant effect of amiloride on plasma NaCl (Fig. 2E) .
Effect of amiloride revealed compensatory Na ϩ absorption in CLDN16 KD mice. The two groups treated with water load and amiloride showed an expected rise in fractional excretion of Na ϩ and Cl Ϫ . In KD mice, amiloride increased FE Na ϩ 4.5-fold, in contrast to the much smaller effect in WT mice (2.7-fold, Fig. 2C ). FE Cl Ϫ changed in parallel with FE Na ϩ in both genotypes (Fig. 2G) . This indicated upregulation of amiloride-inhibitable NaCl absorption in connecting tubules and collecting ducts, distal to the TAL containing the CLDN16 knockdown.
CLDN16 KD mice were not able to further increase urine flow under treatment with amiloride. Under amiloride treatment the urine concentrations of Na ϩ and Cl Ϫ were higher in KD compared with WT mice (Fig. 2, B and F) . However, as shown in Fig. 2, D and H, urine NaCl concentration and the fractional excretions did not translate into increased total excretion of NaCl. Indeed, KD animals excreted less NaCl in the presence of amiloride compared with WT animals under the same treatment. This suggested that in the KD mice NaCl loss in the presence of amiloride was prevented by a decrease in glomerular filtration rate (GFR) and urine flow. Figure 3 shows the data for urinary flow, creatinine, and creatinine clearance as a measurement of GFR. Water load induced a comparable diuresis in both genotypes. Addition of amiloride almost doubled the diuresis in WT animals, while it did not further increase urine flow in KD animals. Plasma creatinine concentrations were higher under water load in KD compared with WT mice and were twofold increased by amiloride in KD mice (Fig. 3B) . The increase in plasma creatinine together with the limited amiloride diuresis suggested that KD mice were already at their limits with respect to body volume homeostasis and that they reduced GFR to further prevent salt and water loss. The GFR values are shown in Fig. 3D . The high creatinine clearance under water load was stable in WT, while KD mice started with reduced values and creatinine clearance further dropped in the presence of amiloride.
Potassium metabolism. Because of the electrogenic coupling of Na ϩ reabsorption and K ϩ secretion in the connecting tubule and collecting duct, a fall in K ϩ excretion mirrored the increase in Na ϩ excretion. Consequently, plasma K ϩ concentration increased in both genotypes when treated with amiloride (Fig. 4) . In WT mice, amiloride increased FE Na ϩ and decreased FE K ϩ. In contrast, although FE Na ϩ increased more in KD mice, the decrease in FE Kϩ did not reach significance (Fig. 2C and 4C) . Hence, the tubular handling of potassium is affected by CLDN16 knockdown. Ca 2ϩ metabolism. Amiloride treatment in WT mice under water load changed neither the plasma concentration nor the fractional or absolute excretion of Ca 2ϩ (Table 1 and Fig. 5 ). The urine concentration of Ca 2ϩ was lower, inversely proportional to the higher flow rate under amiloride diuresis. In KD animals, amiloride treatment did not affect the already elevated Ca 2ϩ values for plasma, urine, and total excretion. Interestingly, amiloride almost doubled FE Ca 2ϩ (Table 1 and Fig. 5C ). CLDN16 KD mice under amiloride treatment therefore showed additional impairment in tubular Ca 2ϩ absorption, suggesting that the amiloride effect might interfere with Ca 2ϩ -scavenging mechanisms along the tubular segments.
Amiloride-sensitive electrogenic sodium absorption was fivefold increased in CLDN16 KD mouse collecting ducts. To verify the upregulation of tubular sodium uptake in CCD we performed measurements on isolated, perfused tubules. Representative recordings for each genotype are shown in Fig. 6, A and B , and illustrate that V te was considerably higher in KD compared with WT collecting ducts (Ϫ6.6 Ϯ 1.1 mV vs. Ϫ1.4 Ϯ 0.5 mV; n ϭ 6). Luminal application of amiloride nearly completely abolished V te in both genotypes. Calculated IЈ sc as a measurement of electrogenic Na ϩ absorption is summarized in Fig. 6C . The amiloride-sensitive current ⌬IЈ sc was fivefold increased in KD compared with WT.
CLDN16 KD mice lost acid and retained HCO 3 Ϫ . In addition to alteration in electrolyte homeostasis, acid/base balance was affected in CLDN16 KD mice. Although blood pH was completely compensated in both genotypes, KD blood showed significantly higher HCO 3 Ϫ concentrations and an increased PCO 2 compared with WT (Table 2) . Urine H ϩ concentration was sixfold higher and the urine HCO 3 Ϫ concentration was reduced by more than fivefold in CLDN16 KD mice (Table 2 ).
DISCUSSION
Our initial study (16) reported the generation of CLDN16-deficient (CLDN16 KD) mouse models that recapitulate human FHHNC phenotypes, including hypomagnesemia, hypercalciuria, and nephrocalcinosis. Our theory (15) of CLDN16 function as a nonselective cation channel predicted defects in renal handling of Na ϩ and K ϩ and acid/base balance, in addition to Mg 2ϩ and Ca 2ϩ . However, the complex compensatory mechanisms in the kidney masked these defects and preclude a comprehensive understanding of CLDN16 function. In this study, we have carefully addressed this issue in animal groups standardized for sex and age and elucidated the role of CLDN16 in renal handling of salt and acid-base metabolism. Although the investigations were carried out under different housing conditions and diets, and these factors impact on behavior, hormones, and electrolyte handling (2, 32, 33) , we have confirmed most of the previously reported phenotypes (16), except hypokalemia.
Defective paracellular cation selectivity in the TAL leads to salt loss. Besides the transcellular ion transport in the TAL, the crucial mechanism for cation reabsorption in this segment is the generation of the lumen-positive diffusion voltage. This equilibrium potential is enabled on one hand by the established concentration gradient for NaCl across the tubular epithelium and on the other hand by the property of the WT tight junction to let Na ϩ pass and to hold Cl Ϫ back. We have shown that with the loss of CLDN16 and thereby the loss of cation selectivity without gain in epithelial tightness, the diffusion potential was markedly reduced (16), i.e., the voltage was below normal equilibrium. In consequence we would hypothesize a substantial backleak of Na ϩ into the lumen, now together with Cl Ϫ and no longer electrogenic. These changes will cause severe disturbances in ion transport along the TAL and most probably trigger complex compensation mechanisms. Here we report the phenotype and provide first insights into these mechanisms.
Reduced body weight and symptoms of impaired salt and water homeostasis. In our initial analysis of body weight at one time point in nine animals of either sex the reduction in CLDN16 KD mice did not reach significance. Careful sexspecific analysis of CLDN16 KD animals and a paired control group of respective WT animals revealed lower body weight in CLDN16 KD animals. Delayed growth is a symptom that can be generally observed in diseases and animal models with chronic salt and water loss (3, 22) . Therefore we hypothesize that this part of the CLDN16 KD phenotype is associated with the impairment in renal electrolyte handling and indicates that compensatory mechanisms might only be partially effective and make the animals more vulnerable.
The present data support our hypothesis. Young female CLDN16 KD mice under standard conditions already showed a higher tubular loss of NaCl. One compensatory mechanism was an upregulated Na ϩ absorption in the collecting duct. After the inhibition of this compensating pathway by amiloride, the additional loss of NaCl affected Na ϩ balance. After a 2-h diuretic period CLDN16 KD mice became hyponatremic, whereas control mice tolerated the treatment without any further side effects. Notably under amiloride treatment, FE K ϩ was not decreased in CLDN16 KD in contrast to WT mice. This might indicate the loss of K ϩ upstream of the amiloridesensitive nephron (i.e., the TAL). Reprogramming of the transcellular pathway as a result of altered tight junction properties could be one mechanism helping to explain these observations.
Homeostatic coupling of Na ϩ handling with extracellular fluid volume and Ca
2ϩ
. The initial analysis showed that CLDN16 KD mice were able to cope with the renal loss of calcium. They even displayed a slightly increased plasma Ca 2ϩ concentration compared with WT mice. Plasma parathyroid hormone concentrations were normal whereas 1,25(OH) 2 D 3 levels were threefold increased in CLDN16 KD mice (16) .
In this study we show that CLDN16 KD mice lose Ca 2ϩ and Na ϩ (and accompanying extracellular fluid). How could these parameters be connected in this mouse model? Recent studies (26, 27) show that Na ϩ homeostasis is tightly coupled to Ca 2ϩ homeostasis and that Ca 2ϩ is retained by the kidney when the total body Na ϩ content is reduced. This suggests that the extracellular fluid volume and the blood pressure might be sacrificed by CLDN16 KD animals to maintain Ca 2ϩ balance (4) when these animals are coping with Ca 2ϩ and Na ϩ loss at the same time. In addition, altered concentrations of luminal and interstitial Ca 2ϩ along the distal nephron may increase urine volume production via Ca 2ϩ -sensing receptor signaling (12, 13, 23) . In FHHNC patients this mechanism might contribute significantly to polyuria and increase their vulnerability toward restrictions in salt and water intake.
Renal handling of acid and base in CLDN16 KD mice. An intriguing finding in this study was that CLDN16 KD mice had acidic urine. In fact, acid-base metabolism and Na ϩ and Mg 2ϩ / Ca 2ϩ transport are coupled to each other in a complex manner (21, 28 ): a mouse model with renal Ca 2ϩ loss, lacking the renal calcium channel TRPV5, showed acidic urine (14) . Hypercalcemia, induced by chronic oral administration of 1,25(OH) 2 D 3 , was accompanied by metabolic alkalosis and urinary acidification (17) . With regard to urine acidification and hypercalcemia-induced metabolic alkalosis, the outer medullary collecting duct might be the key segment, where the vacuolar H ϩ -ATPase under the control of aldosterone plays a crucial role (29, 30) .
